To determine whether recombinant enkephalinase (neutral endopeptidase, EC 3.4.24.11) prevents cough induced by exogenously applied and endogenously released neuropeptides, we measured cough responses to aerosolized solutions of substance P or of capsaicin for 2 min in random-source guinea pigs before or after exposing them to aerosolized recombinant human enkephalinase. Substance P (10-16 M) increased coughing compared with its vehicle. Enkephalinase (120 pg) inhibited cough induced by subsequent exposure to substance P compared with the response to substance P alone, but after further exposure to the enkephalinase inhibitor leucine-thiorphan (10-5 M), substance P increased cough significantly. Similar results were obtained for capsaicin-induced cough. In pathogen-free guinea pigs, after they inhaled inactive recombinant enkephalinase (33 ,ug), capsaicin (10-13 M) increased cough significantly. In contrast, after they inhaled active recombinant enkephalinase (33 ,ug), capsaicin increased cough only slightly. These results suggest that aerosolized enkephalinase reaches the sites of release or actions of endogenous neuropeptides and, by degrading them, prevents cough induced by their release. Furthermore, these studies suggest that recombinant enkephalinase might be useful in the treatment of cough and other symptoms of diseases involving peptides cleaved by this enzyme.
Introduction
Cough is an important respiratory defense mechanism (1, 2) that promotes clearance of material from the airways. However, prolonged, uncontrolled, or nonproductive cough is one of the most important symptoms of respiratory disease. Although sensory nerve endings are believed to transmit impulses to the central nervous system via the vagus nerves (3) (4) (5) , the biochemical mechanisms of cough are not known.
There is evidence that endogenous neuropeptides such as substance P ways of several species (6) , including humans (7) . Substance P stimulates many airway responses including gland secretion (8, 9) , smooth muscle contraction (10, 11) , increased vascular permeability (12), and neutrophil adhesion to the venous endothelium ( 13) , and it potentiates cholinergic neurotransmission (1 1, 14) . We have recently shown that inhibitors of enkephalinase (neutral endopeptidase, EC 3.4.24.1 1) potentiate the effects ofsubstance P on secretion of macromolecules from submucosal glands (9) , on smooth muscle contraction (1 1, 15), on cholinergic neurotransmission (1 1), on vascular permeability (16, 17) , on neutrophil adhesion (18) , and on chemotaxis (19) . These results suggest that the effects of tachykinins and other peptides are modulated by endogenous enkephalinase that is present in airway epithelium, smooth muscle, nerves, and submucosa (20) .
We have also shown that substance P stimulates cough responses in awake guinea pigs (21). Capsaicin, which releases neuropeptides such as substance P and other tachykinins from sensory nerves (22) (23) (24) , stimulates cough responses in humans (25) and in guinea pigs (26) . Furthermore, we found that enkephalinase inhibitors potentiate cough responses induced by low concentrations of substance P and by capsaicin (21), most likely by inhibiting the enkephalinase known to be present in the guinea pig airways (27) .
From these results, we reasoned that exogenously applied enkephalinase might decrease or prevent cough initiated by these peptides if it had access to the sites of release of the peptides or to the receptors that mediate cough. The recent cloning of human enkephalinase (28) now provides the opportunity to study the potential therapeutic uses of recombinant human enkephalinase. Because cough is such a prominent and poorly treated feature of pulmonary diseases, we chose to study the effects of recombinant human enkephalinase on substance P-and capsaicin-induced cough in awake guinea pigs.
Methods
Measurement of cough responses. Cough responses in 33 guinea pigs (male Hartley, weighing 450-550 g) were measured as previously described (21). Animals were treated according to approved procedures of the Committee on Animal Care at the University of California, San Francisco. Each animal was placed in a 1-liter glass jar and allowed to relax. Two 5-mm-diam holes were made in the cap ofthe jar. One was connected to a source of constant airflow of 0.6 liters/min and provided fresh air to the inside of the jar. Aerosols were generated at 0.2 ml/min by an ultrasonic nebulizer (model 25; DeVilbiss Co., Somerset, PA), which produces particles with a mean mass diameter of 7.6±2.6 um (geometric standard deviation). The other hole was connected to a pneumotachograph (Model 00; Fleisch, Richmond, VA), which was attached to a differential strain gauge (Model PM5 Statham-Gould, Inc., Hato Rey, PR), and airflow was recorded on a polygraph (Model 5D; Grass Instruments Co., Quincy, MA). Addi-tionally, cough is associated with a characteristic motion ofthe animal that can be observed visually. Cough was detected as transient changes in airflow (a rapid inspiration followed by a rapid expiration). Because other motions of the guinea pig in the jar also can produce changes in airflow, the activity of the animals was monitored continuously and motion-induced changes in airflow were disregarded. Thus, we counted as coughs only those events that could be confirmed by both visual observation and by the airflow record.
Preparation of recombinant human enkephalinase. Recombinant enkephalinase was produced in 293 cells, a transformed cell line derived from the kidney (29) , according to methods previously published (30) and was purified intact from the cell membranes using modifications ofexisting methods (31). These methods include solubilization of the enzyme in detergent, followed by chromatography using columns of Con A, DEAE Sephacel (Pharmacia Fine Chemicals, Piscataway, NJ), and hydroxyapatite. Enzymatic activity was measured under initial velocity conditions using published methods (31) and expressed in micrograms total aerosolized dose, where 1 ng ofrecombinant enkephalinase degrades 20% of a solution (20 nM or less) of [3H-Tyr, D-Ala2]-leucine enkephalin at 20°C in 30 min, and it degrades 40% of the substrate at 37°C (0.1 ng degrades 2 and 4%, respectively).
Because enkephalinase is normally an integral part of cell membranes including those of 293 cells, its purification requires the use of detergents (31). Preliminary experiments demonstrated that the detergents used in its purification (Triton X-100 and Tween 80) caused cough by themselves. Therefore, we developed a preparation of enkephalinase incorporated into liposomes that was devoid of excess detergents. The lipids (Avanti Polar Lipids, Birmingham, AL) were prepared using 25 mg egg phosphatidylcholine (molecular weight = 786), 10.6 mg dioleoylphosphatidylglycerol (molecular weight = 774), and 8 mg cholesterol (molecular weight = 387), which were mixed (molar ratio, 4.5:2:3), dried under nitrogen, redissolved in hexane, and redried. 3 ml of Hepes-buffered saline (50 mM, 125 mM NaCl) were added to the lipid mixture, which was then vortexed at high speed for 2 min. This mixture was then pressed three times through two filters (Nuclepore Corp., Pleasanton, CA) with 50 nm diameter exclusion size using a liposome extruder press (The Extruder; Lipex Biomembranes, Inc., Vancouver, BC; 250 lb in-2). Enkephalinasecontaining liposomes were made by mixing Triton X-100, liposomes, and enkephalinase together at a ratio of detergent/lipid/protein of 5.6:1.4:1, respectively, vortexing the mixture for 2 min, and then dialyzing the preparation exhaustively against Hepes-buffered saline in tubing (no. 2; Spectropore, Los Angeles, CA) that allows molecules of 12,000-14,000 D to pass through. The dialysis buffer (1 liter) was changed daily, and after 5 d the dialysis reached equilibrium. Studies using radiolabeled Triton X-100 showed that 99% of the detergent was removed by 5 d ofdialysis and that the remaining radioactivity (-1%) was not lost, even with further dialysis. The enzymatic activity of the recombinant enkephalinase was not altered by its incorporation into liposomes, and leucine-thiorphan inhibited activity (K1 = -10-9 M).
These results suggest that the active sites ofthe enzyme molecules were on the outside of the liposome and were thus able to cleave peptide substrates.
The enkephalinase-liposome preparation caused cough in several of the guinea pigs studied, an effect probably due either to the residual detergent present or to the lipids in the liposomes. Therefore, we made a preparation of enkephalinase in the absence of liposomes by dialyzing exhaustively (1 liter each for five changes) purified, recombinant enzyme against Hepes-buffered saline. Dialysis for 5 d did not alter the enzymatic activity of the preparation, and the solution remained optically clear; no precipitate formed. Subsequent studies demonstrated that this preparation did not cause cough by itself.
Substance P-and capsaicin-induced cough. In the first series of experiments, to determine whether recombinant enkephalinase inhibits cough induced by substance P, we exposed five healthy, random-source guinea pigs to aerosols first of saline (2 min) followed by 8 min of additional observation, during which time coughs were counted. The animals were then exposed to aerosolized substance P (10-16 M, 2 min), and coughs were monitored for an additional 8 min.
The concentration of substance P was chosen on the basis of previous studies (21) that showed that this concentration produced moderate, reproducible cough responses. Five other animals were exposed first to saline, then to enkephalinase in liposomes (2.1 X 10-6 M for 5 min; 120 ug total aerosolized dose) followed by 5 min of observation, and then to increasing concentrations of substance P (10-6_10-8 M, 2 min) followed by 8 min of additional observation at each dose. Next, to inhibit the effects of enkephalinase, the animals were exposed to aerosolized leucine-thiorphan (10-5 M, 5 min; SQ 28133 [32] ). This concentration of leucine-thiorphan was chosen on the basis of previous studies (21) that showed that this concentration did not cause cough by itselfand that it potentiated substance P-and capsaicin-induced cough. Finally, these animals were exposed to aerosolized substance P (10-16 M, 2 min), and coughs were monitored for an additional 8 min.
In the second series of experiments, to determine whether the cough induced by capsaicin was inhibited by aerosolized recombinant enkephalinase, we exposed six other guinea pigs to aerosols ofsaline (2 min) followed by 13 min of additional observation. Then we exposed them to aerosols of enkephalinase in liposomes (120 ,g total aerosolized dose). After 10 min ofadditional observation, we exposed them to aerosols of capsaicin (l0-1' M, 2 min) followed by 13 min of observation. This concentration of capsaicin was 100 times greater than the concentration required to cause a significant cough response (21). Next, to inhibit the effects of enkephalinase, the animals were exposed to aerosolized leucine-thiorphan (l0-5 M, 5 min) and, finally, to capsaicin (10-15 M, 2 min) followed by 13 min of observation.
Because even healthy guinea pigs may have had infections by common respiratory pathogens, and because infections by Sendai virus (33) increase responsiveness to substance P and decrease enkephalinase activity (16, 33) , in the third series of experiments, we studied animals born and raised under pathogen-free conditions (Charles River Laboratories, Portage, MI). Furthermore, we dialyzed the enkephalinase in the absence ofliposomes to minimize irritation. Preliminary studies were performed to determine a concentration of capsaicin that caused moderately large, reproducible responses compared with the response to the diluent for capsaicin, and on the basis ofthese studies, we chose a concentration of 10-'3 M. We divided the animals into two groups of six animals each. One group received aerosolized active enkephalinase without liposomes (5.9 X lo-' M for 5 min; 33 ,ug total aerosolized dose), and the other group received enkephalinase without liposomes that had been inactivated first by boiling for 15 min, followed by 2 days of incubation in acidic buffer (pH = 2) and then by dialysis against Hepes-buffered saline (pH = 7.4). In these studies, the observer who counted coughs did not know whether an animal had received active or inactive enkephalinase. 15 min later, the aninmals were exposed to aerosolized capsaicin (10-'3 M, 2 min) and were observed for an additional 13 min.
Data analysis. Data are expressed as the number of coughs (mean±SEM) counted in the observation periods during and after aerosol exposure. Data are compared by one-way analysis of variance and Newman-Keuls test for multiple comparisons. Significance was accepted at P < 0.05.
Solutions. Substance P (Peninsula Laboratories, Belmont, CA) was dissolved in 0.1 N acetic acid and diluted in saline (0.85% NaCI) before use. Leucine-thiorphan (a gift from Squibb Pharmaceuticals, Inc., Princeton, NJ) was dissolved in 100% ethanol, stored in the refrigerator, and diluted in saline before use. Capsaicin (10-2 M; Sigma Chemical Co., St. Louis, MO) was dissolved in 10% Tween 80 (Sigma Chemical Co.) and 10% ethanol and was diluted in saline before use. In previous studies (21), we showed that, at the concentrations used, none of these vehicles, by itself, caused cough.
Results
In the first series of studies, substance P caused significantly greater cough than saline alone did (9.6±0.8 vs. 2.2±0.7 coughs/10 min; P < 0.001, n = 5) (Fig. 1) dose of substance P was delivered -2 h after delivering enkephalinase. However, after exposure to both enkephalinase and leucine-thiorphan, substance P (10-16 M) again increased cough significantly compared with the response to substance P after enkephalinase (P < 0.001, n = 5). In the second series of studies, enkephalinase in liposomes increased cough slightly but significantly (P < 0.05, n = 6) (Fig.  2) . However, after enkephalinase, exposure to capsaicin (10-1' M) did not result in a further increase in cough (P > 0.5, n = 6). Subsequent exposure to leucine-thiorphan followed by capsaicin resulted in significantly increased cough compared ,qg), then substance P, and then leucinethiorphan (10-' M, 5 min) followed by substance P (bottom). Enkephalinase prevented the response to substance P, an effect that was reversed by leucine-thiorphan. *P < 0.001 compared with the response to saline alone. **P < 0.001 compared with the response to substance P alone. ***P < 0.001 compared with the response to substance P after enkephalinase.
with the response to capsaicin after enkephalinase (P < 0.025, n = 6).
In the third study, we used pathogen-free guinea pigs. After exposing them to Hepes-buffered saline (5 min), the diluent for capsaicin (10-10% Tween 80, 10-10% ethanol; equivalent to that present in l0-'" M capsaicin) alone produced few coughs (n = 5 animals) (Fig. 3) , but capsaicin (10-13 M) produced significant cough (P < 0.05, n = 5 (0.7±0.5/15 min and 1.5±1.0/15 min, respectively; P> 0.3, n = 6 each). Active enkephalinase pretreatment prevented the increase in cough in response to capsaicin (P > 0.5 compared with the response to saline, and P < 0.05 compared with the response to capsaicin alone; n = 6), whereas after inactivated enkephalinase, the frequency of the capsaicin-induced cough was similar to that produced by capsaicin alone (second column from the left, P > 0.3, n = 6).
Discussion
These studies show that recombinant human enkephalinase prevents cough in guinea pigs induced by substance P or by capsaicin. This conclusion is based on studies in both healthy, random-source guinea pigs and in pathogen-free guinea pigs. We also conclude that two preparations of enkephalinase are effective, one in which the enzyme is incorporated into liposomes, and the other in which the enkephalinase is dialyzed in the absence of lipQsomes to remove free detergent. These results also suggest that the endogenous neuropeptide responsible for mediating cough responses to capsaicin is accessible to aerosols of enkephalinase inhaled into the airways. Because the aerosol-particles are relatively large (7.6 ,m), they are deposited primarily in the large airways, the sites of cough receptors (3), and, thus, would be in an ideal position to modulate the effects of cough-producing stimuli. Because enkephalinase is a large molecule (94,000 D) and is very hydrophobic, we believe that it does not. penetrate very far into the airway interstitium. This suggests that the sites of release of the endogenous peptides responsible for mediating capsaicin-induced cough are near the airway surface. The inhibitory effect of recombinant enkephalinase was not due to nonspecific effects of the enzyme preparations because after exposure to the enkephalinase inhibitor, cough was increased in response to both substance P and to capsaicin. Additionally, the inactivated enzyme, which contains similar chemical components as the active enzyme, did not inhibit cough induced by capsaicin. Thus, we conclude that the inhibitory effect of recombinant enkephalinase was due to its enzymatic properties.
Some of the random-source guinea pigs coughed after exposure to the liposome preparation of enkephalinase, but the effect was not very large and was significant in only one of the studies. It is likely that the cough observed in these animals was due to the lipids contained in the liposomes. Alternatively, it is possible that the pathogen-free guinea pigs used for this part of the study were less sensitive to inhaled materials because they required -100 times more capsaicin than did the random-source animals. However, the differences between the two groups of guinea pigs could not account for the effects, because enkephalinase inhibited cough significantly in both groups.
The amount of recombinant enkephalinase reaching the receptors that mediate cough is difficult to estimate. Although 120 and 33 Mg were delivered in 5 min to the two groups respectively, only a small fraction of the aerosolized dose was inhaled by the animal. Furthermore, some of the inhaled aerosol was probably deposited in the nose, a site from which cough responses cannot be elicited. It is also likely that some of the deposited enkephalinase was cleared from the nose and trachea and was swallowed. Thus, the amount of exogenous enkephalinase reaching the airways and therefore responsible for inhibiting the cough response was much lower than the doses delivered by the generator. Because the cough response is very sensitive to inhaled substance P and capsaicin (concentration range, l0-'"-10-16 M), it is reasonable to conclude that only low doses of aerosolized enzyme are needed to significantly inhibit cough induced by these irritants.
Although we did not determine the maximum duration of action of aerosolized enkephalinase, a single exposure to enkephalinase inhibited cough induced by 10-8 M substance P delivered 2 h after the enkephalinase. That subsequent exposure to leucine-thiorphan reversed the effect of enkephalinase suggests that, at this time, the enzyme had been active.
The exact mechanisms causing cough in disease are unknown, and the role of neural inflammation in disease is also unclear. Although the identity of the peptide responsible for mediating cough is not certain, several studies suggest that the release of tachykinins from sensory nerves can mediate cough. Various mechanical (3), chemical (22, 23, 34) , and pharmacological (35) stimuli can activate vagal sensory neurons that may result in the release of tachykinins (12) . In the spinal cord, capsaicin has been shown to release immunoreactive substance P (22) , and chronic treatment depletes tachykinins from sensory nerves (23, 34) . Furthermore, in the airways, tachykinin receptor antagonists prevent the effects ofcapsaicin or of electrical field stimulation (11), thereby inhibiting both smooth muscle contraction (11) and increases in vascular permeability (12). The mechanisms that mediate substance P-induced cough are not known, but there are several possibilities. Substance P most likely acts by stimulating sensory nerves, as it can in cats (36), although it can also release histamine from mast cells (37). However, the concentrations of substance P that are required to release histamine are much higher than those necessary to stimulate cough. Similarly, although mechanical stimulation ofcough receptors may occur secondarily to substance P-mediated mucus secretion (9, 38) or bronchoconstriction (11, 24) , the concentrations necessary to stimulate these responses are higher than those necessary to stimulate cough.
The high sensitivity of the cough response in guinea pigs is similar to the sensitivities of behavioral and electrophysiological responses to pheromones in insects, in which only a few molecules are necessary to elicit responses (39, 40 (5, 45, 46) . Because substance P is effective in stimulating cough at concentrations (10-17_10-16 M) well below those of histamine (l0'8-l0-7 M), substance P appears to be one of the most potent stimuli to cough known. Because cigarette smoke probably releases substance P from sensory nerves (47) in the airways, this is a possible mechanism by which smoke causes cough (48) . Furthermore, because nonsmokers cough in response to cigarette smoking nearby (48), the cough response in humans is very sensitive to irritants.
The effectiveness of recombinant enkephalinase in inhibiting substance P-induced cough is suggested by the high affinity and turnover numbers of substance P by enkephalinase. Sub-stance P and other tachykinins are among the best naturally occurring substrates for enkephalinase (49, 50) . The findings that enkephalinase inhibitors potentiate substance P-and capsaicin-induced cough (21) and that enkephalinase inhibits capsaicin-induced cough further support the conclusion that the peptide released by capsaicin that mediates cough is a good substrate for enkephalinase. These studies also suggest that capsaicin releases peptides near the sites of deposition of the aerosolized enzyme. Because some of the same stimuli that release tachykinins also produce cough (25, 26), it is reasonable that at least some cough is due to this neural mechanism. Other stimuli that cause cough such as exposure to cigarette smoke (48) or distilled water (51) may also act via the release of neuropeptides. By studying the effects of enkephalinase in these clinical conditions, this hypothesis can be tested.
Because decreases in tracheal enkephalinase possibly account for the hyperresponsiveness to substance P induced by toluene diisocyanate (27), mycoplasmal infections (16) , or viral infections (33) , it is possible that therapy using recombinant enkephalinase may be useful in treating diseases in which there is an inadequate amount of enkephalinase present. Enkephalinase is found in many organs and tissues including kidney (52), brain (53) , and gastrointestinal tract (54) , and decreases in enkephalinase at these locations may lead to disease. Enkephalinase might also be useful in treating diseases in which large amounts ofpeptides are released by chronic stimulation of sensory nerves or b'y overproduction of peptides by other cells. Thus, enkephalinase might treat cough or bronchial narrowing associated with airway diseases such as asthma, chronic bronchitis, and cystic fibrosis.
Recombinant enkephalinase might also be useful in treating diseases of tissues that normally contain no endogenous enzyme. Furthermore, enkephalinase cleaves a large number of different peptides including tachykinins, kinins, neurotensin, cholecystokinin, bombesin, and others, so enkephalinase might be useful in treating any diseases that are the result of actions of these peptides. Because many organs and tissues contain peptides that are cleaved by enkephalinase, therapeutic application of this enzyme may be useful in treating diseases of many different organ systems.
